The acoustic footprints of factories, roadways, etc. reach far beyond their physical infrastructure because high-amplitude, lowfrequency noise can propagate many kilometers. Previous studies found that noise exposure decreases habitat quality and reproductive success for some species. However, few studies have linked the reduction in perceived habitat quality due to noise exposure to effects on avian settlement patterns and reproductive success. Here, we experimentally investigate the impacts of noise pollution during settlement on adult settlement patterns and subsequent reproductive success in tree swallows (Tachycineta bicolor). We found that tree swallow adults preferentially settled in quieter nest boxes (a 1 dBA increase delayed settlement date by 1.4 and 3.5 days for males and females, respectively). Egg-laying date (a proxy of female quality) also increased by 3.8 days for every 1 dBA increase in noise. These results suggest that lower-quality tree swallows settled in noise; however, more research is needed to confirm this result, as we did not measure adult quality directly. Our results also suggest a negative relationship between noise exposure during settlement and reproductive success, which cannot be explained by differences in adult quality alone. When controlling for egg-laying date, females that settled in noise-exposed nests laid 0.58 fewer eggs than controls. Finally, maternal noise exposure, but not egg-laying date, was negatively related to nestling body condition. These results are concerning, as they highlight multiple pathways through which traffic noise may result in negative impacts at the local, population level for free-living birds.
INTRODUCTION
Anthropogenic noise has rapidly increased over the past few decades due to human population growth and the expansion of industry, transportation networks, and urbanized areas. The acoustic footprints of anthropogenic noise sources reach far beyond their physical infrastructure because high-amplitude, low-frequency (i.e. pitch) anthropogenic noise can propagate many kilometers (Buxton et al. 2017) . Therefore, much urban, rural, and otherwise undisturbed habitat is affected by both linear (e.g. transportation networks) and localized (e.g. natural gas drilling rigs) anthropogenic noise sources (Blickley and Patricelli 2010) . Research over the past 2 decades has shown that some, but not all, wildlife species in disturbed habitats are negatively affected by this anthropogenic noise (Shannon et al. 2016) . Conservation implications associated with noise exposure are widespread (Barber et al. 2010; Kight and Swaddle 2011; Sih et al. 2011; Francis and Barber 2013) .
Foundational research regarding noise impacts on wildlife focused on alterations in acoustic communication (see Patricelli and Blickley 2006; Slabbekoorn and Ripmeester 2008 for review) . This foundational work motivated broader studies, investigating the effects of noise exposure at the molecular, physiological, behavioral, population, and community levels (Barber et al. 2010; Kight and Swaddle 2011) . For traffic noise, studies at the population level increase our understanding of how noise exposure affects avian distribution and abundance, which is particularly important for conservation efforts. A recent set of field experiments simulated traffic noise along a "phantom road" and found differing avian distributions (with regards to species, individual quality, and age) at migratory stopover sites during periods of noise exposure, compared with control periods (McClure et al. 2017; McClure et al. 2013; Ware et al. 2015) . Also, traffic noise has been experimentally shown to cause habitat avoidance during the breeding period in birds (Blickley et al. 2012a ; Halfwerk et al. 2016 ). Yet, few studies have identified how noise exposure, and the resulting reduction in perceived habitat quality, affects avian settlement patterns and reproductive success.
There are multiple pathways by which noise exposure can affect reproductive success in birds. For example, previous observational studies have found reduced clutch size and number of fledglings for birds nesting near roadways (Halfwerk et al. 2011; Kight et al. 2012 ). Yet, in observational studies, it is often not possible to determine if these negative impacts are due to sorting of lower-quality individuals into territories closer to roadways or a negative effect of roadways on parents and/or offspring directly (e.g. physiological responses), given that the impacts of roads (e.g. noise, light, etc.) are consistent through settlement, brood rearing, and nestling periods. If reduced reproductive success near roads is solely due to lower-quality individuals sorting into territories noisier, we may not expect negative population-level effects, as these individuals would have had reduced reproductive success regardless of nesting site. However, if nesting near a road lowers reproductive success directly, such that individuals nesting in noisier territories have lower reproductive success than they would have in a quieter territory, then we would expect negative impacts of traffic noise on avian populations.
Recent captive studies found support for direct negative impacts of traffic noise on reproductive success, as experimental noise exposure resulted in reduced sexual responsiveness and clutch size in female domestic canaries (Serinus canaria; Huet des Aunay et al. 2017 ) and increased embryo mortality in zebra finches (Taeniopygia guttata; Potvin and MacDougall-Shackleton 2015) . Experimental noise exposure has also been found to have physiological effects on birds, such as increased corticosterone levels in adults (avian glucocorticoid associated with response to stress; Blickley et al. 2012b) and nestlings (Injaian et al. in review) . Understanding whether reduced reproductive success in territories nearer roads is due to sorting of lower-quality individuals into noisier territories or direct negative effects of noise exposure on adults and/or nestlings is important to identify the potential population-level consequences associated with anthropogenic noise. Experimental studies which only play traffic noise during the settlement or breeding periods would isolate both the potential pathway(s) through which noise may have long-term effects on avian populations, as well as noise from other confounding factors associated with roads (e.g. light and air pollution, visual disturbance of cars, etc.).
Here, we use traffic noise playbacks during the settlement period to experimentally investigate the effects of noise pollution on adult settlement patterns and reproductive success in tree swallows (Tachycineta bicolor). Tree swallows offer an excellent system to study noise impacts because they readily nest in man-made nest boxes, allowing us to choose nest box locations that were similar in all other types of noise exposure (e.g. distance from water sources, farm equipment, etc.), except the noise playbacks. Population sizes of tree swallows at our sites in Davis, CA have continued to grow over the past decade, however tree swallow populations are currently declining along the eastern coast of North America (Paquette et al. 2014) . The reason for these declines are not yet well understood, but are likely a combination of complex anthropogenic factors that affect aerial insectivores (i.e. habitat loss, climate change, traffic noise; Nebel et al. 2010) . Experimentally studying traffic noise impacts on already declining populations is difficult because additional environmental factors confound the effects of noise treatment. Therefore, our population of breeding tree swallows in Davis, CA offers a great system in which to isolate the effects of traffic noise.
We tested the hypothesis that traffic noise negatively affects breeding territory settlement, predicting that tree swallows arriving back from spring migration will settle in nest boxes in quieter areas first (settlement date is an established proxy for territory preference in this species; Rendell and Robertson 1990) . We also tested the hypothesis that noise alters settlement patterns and causes sorting with regards to adult quality, such that we expect lower-quality adults to settle in noise. We used egg-laying date as a proxy of individual quality, as adult female tree swallows that lay eggs earlier in the season have been shown to lay eggs with larger yolks and greater mass (Ardia et al. 2006) , lay larger clutches (Winkler and Allen 1996) , and have increased flight ability in standardized flight tests (potentially allowing for greater foraging ability; Bowlin et al. 2004) . Additionally, this passive measure of adult quality minimized disturbance to breeding birds. We also tested the hypothesis that noise exposure is related to reproductive success. Again, this relationship could be either direct (noise exposure during settlement reduces reproductive success, regardless of parental quality) and/ or through sorting (lower-quality individuals are clustered in noisier territories, which may result lower reproductive success in noise). If direct effects are important, we predict a negative relationship between noise exposure at a given territory and measures of reproductive success (number of eggs, hatching success, nestling body size, and fledging success), controlling for egg-laying date; whereas if effects of sorting predominate, we predict a negative relationship between egg-laying date and reproductive success, controlling for noise exposure; if both factors are important, we may see both noise exposure and egg-laying date related to success, with possible interaction effects.
METHODS

Field sites
This study took place at 2 sites near Davis, CA, with a total of 35 nest boxes, that were arranged in clusters of up to 4: the Putah Creek Riparian Reserve (38°32'18E, 121°51'01S, n = 15) and South Fork Preserve (38°31'04E, 121°41'39S, n = 20; see Supplementary Figure S1 for diagram of study design). Our sample size was based on similar, previous work in this population (Injaian et al. 2018b) , as well as other populations of tree swallows (Leonard and Horn 2008) . Before tree swallows returned from migration, we physically moved all nest boxes at least 10 m from their respective locations in the previous year to control for preference for previous nesting sites: adult tree swallows have high nest site fidelity between breeding seasons . Moving nest box locations by 10 m or more does not eliminate the possibility that adults chose nest sites based on previous breeding experience, rather than current noise exposure, however this logistical constraint could not be avoided due to field site size. Furthermore, nest boxes within a cluster were separated by 20 m to prevent aggression associated with territory overlap (Winkler 1994) . Between clusters, nest boxes were separated by 40 m to reduce the effect of experimental traffic noise playbacks in "noise" clusters on ambient noise levels in control clusters (Supplementary Figure S1) . We distributed noise and control clusters evenly across the field site because tree swallows have been shown to prefer nesting sites in the open, habitat center, as opposed to the forested edge (Rendell and Robertson 1990) . When assigning noise and control clusters, we also took into account the experimental noise exposure at each field site the previous year (during a different experiment). Specifically, we randomized this assignment, such that some nest boxes were in general regions of the field site that were affected by noise playbacks in both years, others were affected by noise playbacks in only 1 year and others were not affected by noise in either year. This randomization should prevent any carry-over effects from the previous season biasing the results of this study; they are more likely to add statistical "noise" to the results. All nest boxes were mounted approximately 1.5 m above ground on metal poles with predator guards.
Noise playbacks
We used a sound pressure level meter (SPL meter, Model 824, Larson-Davis, Inc., Depew, NY) to measure ambient noise levels before playback at both field sites (South Fork Preserve: measurements taken on 1 February 2016 at 7:30 AM, Putah Creek Riparian Reserve: measurement taken on 31 January 2016 at 7:30 AM). Specifically, we collected five 30-s measurements in dBA SPL (re 20 µPa). A-weighting was chosen, as this is the sound pressure level scale best weighted towards avian hearing (Dooling and Popper 2007) . A slow-time weighting was chosen because the onset of amplitude change was gradual in our noise files. We averaged the five Leq measurements to determine the general ambient noise level for each site. In doing so, our measurements showed that both field sites have ambient noise levels typical of US rural agricultural areas (Putah Creek Riparian Reserve: 43.35 ± 0.97 dBA, South Fork Preserve: 41.1 ± 0.28 dBA; EPA 1974).
Four unique traffic noise WAV files (i.e. 5 min of cars, trucks, motorcycles passing along a highway at varying time intervals) were acquired online (Supplementary Figure S2 , freesfx.co.uk). These files represented medium (n = 2) or low (n = 2) traffic levels (medium traffic: 18.7 ± 4.1 vehicles passing per minute; low traffic: 12.0 ± 1.0 vehicles passing per minute) and are below the maximum frequencies observed on highways (maximum highway traffic: approximately 28 vehicles passing per minute; Hall 1996) . Files were edited in Audacity (Version 2.0.6) to create 4 different 6-h traffic noise playbacks, with unique and unpredictable traffic patterns throughout the recordings. Recordings were played from directional outdoor speakers (Model TFS14, TIC Corp., City of Industry, CA), hooked to a car amplifier (Xtant1.1; Xtant Technologies, Phoenix, AZ) and an MP3 player (Sansa m240; SanDisk Co., Milipitas, CA). The playback system was powered with a 12-V sealed lead-acid battery.
We began noise playbacks on 1 February 2016 (n = 19 noise nest boxes, n = 16 control nest boxes), before tree swallows returned from spring migration. For noise clusters, we centered speakers between the front 2 boxes and set them 5 m towards the middle of the cluster. This speaker and nest box arrangement allowed us to alter the acoustic characteristics of the territory for each nest box in the noise cluster, creating a continuous variable of noise exposure. We used our SPL meter to calibrate noise playback levels to an Leq of 60 dBA ± 2 (SD) at 1 nest box in each cluster. We allowed the amplitude at the other nest boxes in each cluster to range between 41.4 dBA and 60.9 dBA, thus creating a continuous noise distribution. The mean amplitude at nest boxes in the noise clusters (n = 19) was an Leq of 55.3 dBA ± 3.6 (SD) SPL re 20 µPa, whereas the mean amplitude at nest boxes in the control clusters (n = 16) was an Leq of 44.7 dBA ± 1.8 (SD) SPL re 20 µPa. This difference in ambient noise level between clusters is biologically relevant, given that a decrease in 10 dBA is perceived as a halving of noise level in humans (Blickley and Patricelli 2010) . Additionally, an amplitude of 60 dBA at the nest box is approximately equivalent to being 70 m from a 2-lane highway (Dooling and Popper 2007) , a road size, and distance from tree swallow habitat that is common in areas surrounding Davis, CA. Peak amplitudes during car passes ranged from 66.5 dBA to 81.8 dBA, with a mean peak amplitude of 74.25 dBA ± 4.08 (SD) for nest boxes in the noise clusters. Traffic noise playbacks ran daily from 0800 to1400 h (Meillère et al. 2015) and overlapped with the hours of highest activity for this species (Leffelaar and Robertson 1986) .
To control for visual disturbance, we placed plastic bins of similar size, shape, and color as the noise playback systems in the control clusters (Blickley et al. 2012a ). To control for researcher disturbance, we visited nest boxes in the control clusters in the same pattern as nest boxes in the noise clusters. Noise playbacks ceased on 1 April 2016, a week after the last nest box was settled and approximately 2 weeks before the first nest began egg-laying.
Settlement scans
Tree swallow males return from spring migration and establish territories before females arrive on the breeding grounds. Therefore, we assumed that the first bird arriving at each nest box was a male (Rendell and Robertson 1990) . To determine settlement date at each nest box, researchers performed scans every other day, while sitting ~25 m from the focal nest boxes for 20 min. At 1-min intervals during the 20-min, the researcher instantaneously looked at each box and recorded if there was a bird within 2 m. If a box was associated with a bird for 5 out of the 20 scans and this occurred for 2 days in a row, the nest box was recorded as "settled" (Stutchbury and Robertson 1987) . All settlement dates have an associated error of one day, as we did these scans every other day.
Our recorded settlement dates were bimodal, especially for males, due to a 2-week rainy period during mid-settlement that caused all birds to be absent from the field sites. To deal with this nonnormal distribution, we converted all settlement dates to ranks. For example, the first males to settle a nest box did so on 5 February 2016. Therefore, all males that settled in nest boxes on 5 February 2016 were given the male settlement rank of 1. The next day in which males settled a nest box was on 7 February 2016; therefore, these males were all given the male settlement rank of 2, etc. This method was also used to assign female settlement ranks. Given that our questions address relative settlement dates between nest boxes of various amplitudes (i.e. preference), this transformation from settlement date to settlement rank does not affect our ability to test our hypotheses.
Nest box monitoring and nestling measurements
We checked nest boxes every other day to count egg and nestling number. Therefore, egg laying dates have an associated error of 1 day. During incubation, we scored adult female age as second year (SY) or after second year (ASY) based on plumage coloration (Hussell 1983) . To determine nestling morphology nearest fledging, we measured wing chord and tail length on day14 post hatch (Wiggins 1989) . We also measured nestling body condition index [BCI, mass (g)/wingchord (mm)] on day 10 post hatch, because tree swallow nestlings decrease mass after day 12 post hatch to prepare for fledging, thus interpretation of mass later in development is difficult (Zach and Mayoh 1982) . To calculate nestling BCI, we used the residual of mean nestling body mass regressed on mean nestling wingchord length, with positive BCI values indicating higher condition (Whittingham and Dunn 2000) . We considered nestlings to successfully fledge if they were no longer present in the nest box after day 14 post hatch. All failures to fledge (i.e. nestling perished inside box after day 14 post hatch) were recorded.
Of the 35 nests included in the settlement portion of this experiment, 4 nests were not included in our analysis of the proportion of eggs that hatched because all the eggs were eaten by predators (1 noise, 2 control nests) or never hatched (1 control nest). Of these remaining 31 nests, we used 3 nests for another experiment which precluded measurement of nestlings; these nests were therefore not included in analyses of nestling body size. Additionally, for 7 nests (5 noise, 2 control), nestlings were missing from the nest box before day 14 post hatch (likely eaten by predators because fledging is not possible before day 14 post hatch) or were found to have perished inside the box. Therefore, our sample size for analyses of nestling body size and proportion of nestlings fledged was 105 nestlings from 21 nests.
Statistics
We used the lme4 package in R (Version 3.2.2) to run linear mixed models (LMM) with varying effects (Bates et al. 2014) . We built models for male and female settlement date, including "amplitude," "distance to edge," and "site" as fixed effects, and "observer ID" as a random effect. Intercept only models were also created. We used a similar method to evaluate egg-laying date and measures of reproductive success (clutch size, proportion of eggs hatched, nestling body size, and proportion of nestlings fledge); however, we switched the continuous variable of "amplitude" to the binary factor of "noise," given that noise playbacks were turned off prior to these measurements being taken. This switch allowed us to focus on the effects of previous parental exposure to noise or control treatments on their reproductive success, however using the continuous variable of "amplitude," as opposed to the binary factor of "noise" for analyses of reproductive success did not qualitatively change the results discussed below. Also, for models of proportions (eggs hatched and nestlings fledged), we used generalized linear mixed models (GLMM) with a binomial distribution, given that hatching and fledging data were recorded as proportions.
In all models, "site" was included as a fixed effect because there were less than 5 levels in the data on which to base an estimate of the variance (Crawley 2002) . We also included a random effect of "observer ID" in all models to account for between individual differences in accuracy of settlement scans and morphological measurements. We used the scale function in R to center all predictor variables. Additionally, we calculated the correlations between all covariates using the "cor" function in R and found that our models did not suffer from multicollinearity (correlation ranged from 0.005 to 0.47; Graham 2003) .
For settlement rank models, we included a measure of each nest box's "distance to edge" as a fixed effect, to account for the established preference of tree swallows to nest in the center of a given habitat (Rendell and Robertson 1990) . We also included the quadratic parameter of amplitude ("amplitude^2") in models of female, but not male, settlement rank, given that only female settlement rank showed a plateau during our measurement period. In egg-laying date models, we included "female age" as a fixed effect, based on previous work in this species (Steven 1978) . For models of egg-laying date, we included "female settlement date" as a fixed effect. Although previous studies have found egg-laying date to be determined by environmental factors (i.e. photoperiod, food availability) rather than settlement date in tree swallows (Stutchbury and Robertson 1987) , it is possible that noise exposure disrupts this established pattern because females that settle earlier in the season would be exposed to noise playbacks for a longer period of time.
For models of reproductive success (clutch size, proportion of eggs hatched, nestling morphology and condition, and proportion of nestlings fledged), we included "egg-laying date" and the interaction term of "egg-laying date*noise" because previous studies have found that female quality affects reproductive success (Nooker et al. 2005 ) and noise impacts may not be uniform for high-versus low-quality females (Winkler and Allen 1995) . We also included "female age" as a fixed effect in models of reproductive success, based on previous work in this species (Winkler and Allen 1996) . For models of nestling morphology and condition, and proportion of nestlings fledged, we included "brood size" as a fixed effect to account for resource competition within a nest (De Steven 1980) .
We used values of Akaike Information Criterion corrected for small sample sizes (AICc) and model weights for model comparisons (Burnham and Anderson 2004; Hurvich and Tsai 1989) . These comparisons allowed us to evaluate the hypothesis that traffic noise exposure affected our dependent variable: if models including a noise term (either the continuous measure of "amplitude" or the binary factor of "noise") were ranked higher than models that did not include a noise term, our results suggest that traffic noise exposure explains a portion of the variation in our data. Models with ΔAICc scores <2 are presented in Table 1 below, and a full model list is provided in Supplementary Only models with ΔAICc < 2 are shown (see Supplementary Table S1 for full model set). Table S1 . Furthermore, we estimated the effect size (β parameter estimates) and 95% confidence intervals (CIs) of our noise parameters through the "summary" function in R. We assessed the importance of effect sizes based on whether the 95% CI overlapped zero. This information for top-ranked models that included a noise parameter can be found below (Table 2) , whereas outcomes from all models with ΔAICc scores <2 can be found in Supplementary Tables S2-S9 .
Statement on animal subjects
Our research protocols were approved by the University of California, Davis' IACUC (protocol no. 18452 
RESULTS
Settlement patterns
The top-ranked model of male and female settlement ranks included the "amplitude" parameter (Table 1) . Specifically, for every 1 dBA increase at the nest box, male settlement rank was delayed by approximately 1.44 days ( Figure 1a , Table 2 ). However, the 95% CI of "amplitude" overlapped zero for the best model of male settlement rank (Table 2 ). In contrast, the effect of amplitude on female settlement rank was stronger. In fact, all 4 of the top models of female settlement rank included the "amplitude" parameter and female settlement was delayed by approximately 3.5 days for every 1 dBA increase ( Figure 1b , Table 2 ). Yet, surprisingly, not all high-amplitude nest boxes were settled late in the season for males or females (Figure 1 ).
Egg-laying date
The top-ranked model of egg-laying date included the "noise" parameter (Table 1 ). There was a positive relationship between "egg-laying date" and "noise," such that egg-laying date was delayed by approximately 3.8 days in the noise-exposed nests, compared with the controls (Figure 2a ; Table 2 ). However, in the top-ranked model of egg-laying date, the 95% CI of "noise" overlapped zero (Table 2) .
Reproductive success measures
For clutch size, the models including the "noise" parameter sequestered a considerable amount of model weight (3 out of the top 4 models included "noise"), demonstrating the relatively high predictive power of noise exposure (Table 1) . Noise exposure affected clutch size through main effects, as well interaction effects with egg-laying date ( Table 2 ). The main effect of "noise" resulted in 0.58 fewer eggs laid by females exposed to noise during settlement (Table 2) . Also, noise exposure affected clutch size differently across egg-laying date (interaction effect). Specifically, for noise-exposed females, clutch size decreased as egg-laying date increased, whereas clutch size remained constant across egg-laying dates for females in control conditions (Figure 2b ).
The top-ranked model of nestling BCI, as well as those with ΔAICc < 2, included the "noise" parameter (Table 1) . Also, the second-ranked model included "egg-laying date" (ΔAICc < 2; ~18% of the model weight; Table 1 ); however, the 95% CIs for this proxy of female quality overlapped zero (Supplementary Table S8) . Therefore, overall, there was a negative main effect of noise, but likely not egg-laying date, on nestling BCI: nestlings born to mothers that settled in noise-exposed nests had lower BCI scores than nestlings born to mothers exposed to control conditions (Table 2 ; Figure 2c ). The top models for nestling wingchord and tail length did not include the factor of "noise," indicating that parental noise exposure does not alter nestling feather growth (Table 1) . For both proportion of eggs hatched and proportion of nestlings fledged, the top-ranked models did not include the "noise" parameter ( Table 1) , suggesting that parental noise exposure does not affect these measures of reproductive success.
DISCUSSION
Overall, our results supported our hypotheses that noise exposure during settlement altered avian distributions and decreased reproductive success. Tree swallow adults preferentially settled quieter nest boxes earlier in the season (Figure 1a,b) . Additionally, females that settled in noise laid eggs later in the season, suggesting that lower-quality females settled in noise (Figure 2a) . Our results also suggest that noise exposure during settlement reduced reproductive success: females laid fewer eggs if they settled in noise, compared with control conditions, even when controlling for egg-laying date (Figure 2b) . Finally, nestlings born to noise-exposed females had lower BCI scores compared with controls (Figure 2c ), which was predicted by maternal noise exposure, but not egg-laying date (Table 1) . These results provide an important link between noise exposure, perceived habitat quality, settlement patterns, and reproductive success, thus highlighting the potential impacts of traffic noise exposure at the local, population level.
The degradation of habitat quality found in this study, as evidenced by preference for quieter nesting sites in both male and female tree swallows, is supported by previous studies on the effects of roadways on settlement patterns and habitat use (Trombulak and Frissell 2000; Slabbekoorn and Ripmeester 2008; Halfwerk et al. 2016) . The specific mechanism(s) by which noise pollution degraded habitat quality remain unknown, but may include: altered stress physiology due to exposure to the chronic stressor of noise (Injaian et al. in review; Kleist et al. 2018) , decreased ability to detect predators (Shannon et al. 2014; Templeton et al. 2016) , or decreased foraging efficiency (Senzaki et al. 2016 ). Furthermore, the greater effect of amplitude on female, as compared to male, settlement date may be explained by the relatively high rate of extra-pair copulations (EPCs) in this species: 50% of tree swallow broods have extra-pair offspring (Lifjeld et al. 1993) . Therefore, the fitness costs associated with settling a noisier territory may be relatively lower for males, as compared with females, because his offspring are spread across many nesting sites. For female settlement date, our data showed a nonlinear relationship with amplitude: some high-amplitude nest boxes were taken earlier than other nest boxes with mid-range amplitudes. This Raw data points and model outputs (with 95% CI) for (a) male settlement rank (n = 35) and (b) female settlement rank (n = 35). All measurements are versus the amplitude at each bird's respective nest box. Graphs were created by holding all other parameters in the model constant and allowing the parameter of interest to vary. Nonstandardized parameters were used for graphs. nonlinear result was driven by 3 females that settled the noisiest boxes earlier in the season (Figure 1b ) and the mechanism behind this result is unclear. Plausible explanations may include differing responses to noise exposure based on an individual's personality (Sih et al. 2004; Naguib et al. 2013) , past experiences with noisy environments (i.e. natal habitat preference induction; Davis and Stamps 2004) , and/or additional characteristics that tree swallows use for settlement decisions which were not quantified in this study. Contrary to a previous experimental noise study that found reduced nest box occupancy in noise-exposed areas across multiple passerine species (Kleist et al. 2017 ), we did not find an effect of noise on nest site occupancy: here, traffic noise exposure changed when, but not if, a nest box location was settled. However, this difference in results may be due to the fact we had nearly 100% occupancy of our nest boxes during this experiment (as compared to approximately 35% occupancy in Kleist et al. 2017 ).
The delayed egg-laying date for females that settled in noiseexposed boxes suggests that tree swallows sort based on differences in territory quality, with lower-quality adults nesting in noisier territories. However, again, we did not measure female quality directly and the 95% CI for the effect size of "noise" overlapped zero for the best-ranked model of egg-laying date (Table 2) , suggesting a relatively weak effect. It is possible that there was no difference in female quality before settlement and that noise exposure directly delayed egg-laying in noise-exposed nests. This idea is supported by a recent study in western bluebirds (Sialia mexicana) that found a negative relationship between anthropogenic noise exposure and reproductive success, despite no differences in body mass for adult females that settled noisier versus quieter territories (Kleist et al. 2018) . Our data suggest that delayed egglaying date is not explained by differences in the length of noise exposure (females that settled earlier were exposed to noise for a longer period of time): although the fourth-ranked model of egglaying date included "female settlement date" (Table 1) , the 95% CIs for the female settlement date parameter overlapped zero (see Supplementary Table S4 ). These data match past studies in tree swallows that found no relationship between settlement date and egg-laying date (Stutchbury and Robertson 1987) . We do not have direct or indirect measures of male quality (egg-laying date has only been found to be related to female quality; Winkler and Allen 1996) , but it is likely that there were also lower-quality males in noise-exposed boxes. Previous studies in this species have found assortative mating with regards to quality (Bitton et al. 2008) and that high-quality individuals sort into high-quality territories (Rendell and Robertson 1990) .
Even when controlling for egg-laying date (a proxy of individual quality), our data show that noise-exposed females laid smaller clutches than control females. This result supports our hypothesis of direct negative impacts of noise exposure on reproductive success and matches previous work in domestic canaries which found decreased clutch size in response to playbacks of urban noise (Huet des Aunay et al. 2017) . Female noise exposure may reduce reproductive success through the following mechanism(s); altered adult physiology (Cyr and Romero 2007) , perceived increased predation risk (Quinn et al. 2006) or reduced pair-bond strength (Swaddle and Page 2007) . However, our results are in contrast to another experimental study, which found no impact of maternal traffic noise exposure on clutch size in great tits (Halfwerk et al. 2016) . Also, our results were influenced by two noise-exposed females that laid particularly small clutches (Figure 2b) . It is also possible that the relationship between noise and reproductive success was due in part to settlement patterns, if controlling for egg-laying date did not completely control for differences in the quality of parents settling in noisy versus quiet nests. Though well supported from studies in other tree swallow populations (Winkler and Allen 1996; Bowlin et al. 2004; Ardia et al. 2006) , it is possible that the proxy of egglaying date used here did not capture all of the important variation in individual quality in our population.
Reduced nestling BCI for noise-exposed females may also be a direct effect of noise exposure, as maternal noise exposure, but not maternal quality (i.e. egg-laying date) was predictive of nestling BCI (Table 1; Supplementary Table S8) . If maternal noise exposure is, in fact, related to decreased nestling BCI, our results are concerning, given that body size is a key determinant of postfledging survival in this species (McCarty 2001) and other passerines (Naef-Daenzer et al. 2001) . Again, it is important to point out that we turned off the noise playbacks after settlement, but before egg-laying. Therefore, nestlings were never directly exposed to noise and the negative effects on nestling BCI found here are likely an underestimate of noise impacts on nestling body size: nestlings would also be directly exposed to noise in "natural" situations and direct nestling exposure to traffic noise has been found to cause reduced nestling growth in this species (Injaian et al. 2018b ) and others (zebra finches; Potvin and MacDougall-Shackleton 2015) . However, other studies in tree swallows (Leonard and Horn 2008) and several other passerines have found no impact of noise exposure on nestling body condition (Kleist et al. 2018) . The lack of noise impacts on the proportion of nestlings fledged is contrary to previous work which found a reduced number of fledglings for nest sites nearer roadways (Halfwerk et al. 2011) . Long-term studies that track postfledging survival for individuals exposed to various noise regimes during development would be of great value (although logistically difficult).
Overall, we show that noise exposure during settlement degraded habitat quality and decreased reproductive success for tree swallows through multiple pathways. Specifically, decreased clutch size and BCI for nestlings born to noise-exposed females highlights the potential for direct negative effects of traffic noise on avian populations, given that these reductions in reproductive success are not explained by female quality alone. Also, our results confirm that the decreased reproductive success near roadways found in past observational studies is likely due to traffic noise exposure rather than other disturbances associated with roadways (e.g. light pollution, visual disturbance of vehicles, etc.; Halfwerk et al. 2011; Kight et al. 2012) . Again, wild birds nesting near transportation networks would be exposed to noise during both the settlement and breeding periods. Therefore, our results are likely an underestimate of the true impacts of traffic noise on breeding birds. More research regarding strategies to decrease the production and/or spreading of anthropogenic noise is warranted. For example, much of the sound emitted by vehicles at high speeds is due to the tire-road interaction (Arenas and Crocker 2010) . To protect threatened species during the breeding period, this interaction noise can be minimized by speed limit reduction or the use of porous asphalt on roads nearest critical breeding grounds; porous asphalt absorbs sound (~7.5 dBA) within the frequency range emitted by automobiles (0.8-1 kHz; Crocker and Arenas 2007; Sandberg and Mioduszewski 2012) . For humans, a decrease in 10 dBA is perceived as a halving of noise level, thus a reduction of 7.5 dBA would likely be a marked improvement for avian habitat quality (Blickley and Patricelli 2010) . We hope these results show the necessity for wildlife conservation efforts that develop and implement methods to reduce traffic noise exposure during critical periods for birds (i.e. settlement and breeding).
